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higher performance
less loss

Operational Level

Backup utility services
maintain functions; very little
damage. (ST+NA)

Immediate Occupancy Level
The building receives a “green
tag” (safe to occupy) inspection
rating; any repairs are minor.
(S1+NB)

Life Safety Level

Structure remains stable and
has significant reserve
capacity, hazardous
nonstructural damage is
controlled. (S3+MNC)

Collapse Prevention Level
The building remains standing,
but only barely; any other
damage or loss is acceptable.
(S5E+MNE)

lower performance
more loss
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Table C1-8  Target Building Performance Levels and Ranges

Structural Performance Levels and Ranges

Nonstructural  5-1 5-2 5-3 54 5 56
Performance  Immediate Damage Life Limited Collapse Not

Levels Occupancy Control Range  Safety Safety Range  Prevention Considered
N-A Operational 1-A 2-A Not Not Not Not
Operational recommended  recommended  recommended  recommended
N-B Immediate 2-B 3-8 Not Not Not
Immediate Occupancy 1-B recommended  recommended  recommended
Occupancy

N-C 1-C 2-C Life Safety 3-C  4-C 5C 6-C

Life Safety

N-D Not 2D 3D 4D 5D 6-D

Hazards recommended

Reduced

N-E Not Not Not 4E Collapse No rehabilitation

Not Considered recommended  recommended  recommended

Prevention 5-E
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P, =0.85f (A —A)+Tf A,

P, =[0.85(25)((300x300)— (30 x 30 x 3.14)) + 400x 30 x 30 x 3.14]=2982847.5N

P._. =08P=2386278

n(max)

M, = Pyeg €nn = 2386278 (30)=71588340N — mm

2‘59~) | S

Py =0.85fL (A, — A+ fLA

P, = 0.85(35)((300 *300) — (30 *30 *3.14)) + 400 *30 *30 *3.14 = 3594155 .2

P =08P=2875324.IN

n(max)

M =P e. =862597242N —mm

n n(max) “min
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a=f c=127.5mm

c—d
S Ccu C
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8' =&
ol 0 6l (6 LE5 SV
f.=f, =400
C.=0.85f ba=812812.5
C.=f. A =565200
T.=f, A=565200
P =C,+C,-T,=812812.5
Mn=Cc(g—§)+Cs(g—d )+Ts(d—2)

=183145078.1N-mm

s> <l
S TPy
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a=/f,c=165.27
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T,=f, A=565200
P =C.,+C,—T,=1475104.167
h a h . h
anCC(E—E)JrCS(E—d )+Ts(d—5)
=212404655.7
towinS” J oS Jss! ddaiis <D ylowo =y dlaii (o
ol o 9Ysh S (15,5 (ACT bl &) p 35S pies o5 5l Glaebl cur

oo fud _ 0.003(250) ..
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gl=g, S 4" 0.003 (m) =0.0014 < 0.002
C 93.75

] 00UES C?)L'?' L.;)L.:l:.é 0Y9é
f.=(200x10%)(0.0014)= 280
C.=0.85 f_ba=507960
C.=f, A =395640
T,=f, A=565200
P =C_+C,—T,=338400
h a h . h
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h a h h
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=210417981
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SAT A (j,,f s o (fJ).

cs“li&-.’.l*’}—‘ Lgad yo 4, 15 & wllas Slhogas #-Y Jgur

Material Property Value
Flexural Modulus Longitudinal. 1300 ksi
Flexural Modulus Circumferential 3600 ks
Tensile Strength Longitudinal 16 ks
Tensile Strength Circumferential 40 ks
Compressive Strength Longitudinal 27 ksa
Compressive Strength Circumferential 37 ksi
Shear Modulus 800 ksi
Shear Strength 8 ks1
CTE Circumferential 4.6 in/in/°F = 107°
CTE Loengitudinal £ 8 in/inF = 107°
Poisson's ratio 0.35
Density 0.072 1biin’®

= Experimental
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analysis
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53 o samlice ST Lo o)l alBislesl 8ly b b (o035 cu,is (Pushover Analysis2
A2 o 18 Llod 050 1) 00,95 I 5 mhaw cwyil plee a5 all clde ol 4 Wil o b e
I8 gl 4> )08, cov  alBisle;] diges a5l pl Sove 90 cpl G IS s o
S5 95 dbnl 4 argl OB (S alS Gl sl 43 )L Canb cun 4 105 il
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[ Table Display lglﬂlﬂ
gFile Edit
Pushowver Curve - Ex Pattern I
Step Displacemet| BaseForce | AtoB Btol0 10t0l5 L5taCP CPtaC Ctal [itaE BeyondE Total
m Tonf

0] 3.587E-18 0.0000 320 a 1} a0 1} a0 i} a 320

1] 0074032 1238179 316 4 0 1] 0 1] 1} 1] 320

2| 0.079110{ 131.0680 278 42 1} a 1} a i} a 320

3l 0107963[ 1511912 236 a4 1} a 1} a i} a 320

4| 0121168 153.9787 220 100 0 1] 0 1] 1} 1] 320

5| 0.242036( 1BE7178 204 26 90 1 1} a i} a 320

B| 0.336245( 1734208 204 4 30 5 0 24 1} 1] 320

7| 0.362570f 1745018 204 4 24 42 1} 45 1} 0 320

8| 0.36B340{ 1745745 204 4 24 34 1} 54 i} a 320

3| 0.378038[ 1747171 204 4 20 30 0 [ 1} 1] 320

10] 0.380210] 174.7659 204 4 20 24 1} o] i} a0 320

11] 0.385011] 174.7857 204 4 18 18 1} 7B i} a 320

12 0.808781| 161.1437 200 4 4 1 1} 112 1} 0 320




SAT A rj,,f s 7 J)

SAP2000 Pushover Curve 6/14/11 21:42:26

DISPLACEMENT

180, |

162, |

144,

126, |

108, |

BASE REACTION

T2, |

18. |

0. 81. 162, 243, 324, 4035, 486, S67. 648, 728 810. x'l'ﬂ.3

SAP2000 v14.2.2, File: 4TABAGHESDB, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: VDPO1

BX il b sl o gl ai ¥ ezl J5uS 0,8 oo i — asly Lo simeie VYT ISCS
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A /’/1/'.1 r/.;)f :U’JLJ,«
SAP2000 Pushover Curve 6/14/11 22:20:41
DISPLACEMENT
220. : . ;

198.

176.

154.

132.

110.

88.

66.

44,

22.

BASE REACTION

387.  430.x10™

SAP2000 v14.2.2, File: 4aTABAGHESDB, Units: Tonf, m, C
Analysis Case: uniform-x Pattern, Parameter Set Name: VDPO1

S19Sy (il )b sl cow gl abbF plexsle S8 o) e et — 4l Sp (Sove N FY SIS

ay



SAT A rj,,f s 7 J)

SAP2000 Pushover Curve 6/14/11 22:23:29

DISPLACEMENT

17,
152,
133, |
114.

85. |

BASE REACTION

76. |

57, |

19. |

0. 34, 68, 102 136. 170, 204, 238, 272, 306. 340, :u:'llii‘3

SAP2000 v14.2.2, File: 4TABAGHESDE, Units: Tonf, m, C
Analysis Case: mode1-y pattern, Parameter Set Name: VDPO1
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AT Y f’."f sgbJe

i~ Urits

Static Monlinear Case ~Plot Type
Ex Pattemn j

| FEM# 356 Coeficient Method |

|Tonf, m,C j

Displacement

Curent Plot Parameters

180. ] |Fasepo ]
1 L
162 ] et | [ fdd New Parameters... |
3 rﬁ fidd Copy of Parameters... |
144, -
. Modifp/Show Farameters... |
126. /
1 e
108, .% Target Displacement [, D)
] b [170.774,0.293)
a0, - / 3
3 o
] 8
72 4 / @
b4, A
1
36, 1 /
137
-4
2 [ | [N | [N ‘ [ [ | [ | Ll | [} | [ | ti |
81 162 M3 34 405 4% 7 B4B 729 810107
Mouse Pointer Lacation  Hariz | Vett | Show Calculated Values I

ok |

Cancel |

Units Tanf, m, C v
Item Value

Co 1.3302
1 1.
c2 1.2
C3 1
Sa 06031
Te 11418
Ti 11418
Ki 1672493
Ke 16724934
Alpha 0.059
R 32668
YWy 150.1365
wieight 513 2256
Cm 1

Done

O Bun ool dulre gz olael)l ol jen 4 ool as 9o Jloges 5 05l Hlid, e )V P-Y S

Baa 00 s g g0 ol pagn QT ouls g0 Joged g ojlw Jld, Hloges YY-Y S b VY=Y G o

Lo slezsls gl wilonss anslne FEMA-356 acbipl Golulys a5 515 550 sloyisl )l 5 o5l

Lol 0wl (g5le pglie 5l am g LB 4l VY g A f
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SAT A rj,,f s 7 J)

SAP2000 Pushover Curve 6/15/11 0:46:59

DISPLACEMENT

180. |
162,
144,
126, |

108, |

BASE REACTION

72|

-3
Resuilts: : TargEtmD'isplaJc:Jrﬁrl?éni (v, %t}a= {1?0:‘.‘%?"4 : 0.213?'} 8 57 - i e
C0=13302 C1=1. C2=12 C3=1. Sa=06031g Te=1.1219
Ki=1672.4934 Ke=16724934 Ti=11219 Alpha=0.059
R=32665 Vy=15013656 W=8132256 Cm=1.

SAP2000v14.2.2, File: 4TABAGHESDB, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: F356PQ
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SAT A rj,,f s 7 S
SAP2000 Pushover Curve 6/15/11 0:51:23

DISPLACEMENT

200.
180.
160. |
140.
120.

100. |

BASE REACTION

60. |
40. |

20.

0.

0.00 0.14 0.28 0.42 0.56 0.70
Results:  Target Displacement (V, D) = (183.528 , 0.301)
C0=13384 C1=1. C2=12 C3=1. Sa=06031g Te=1.1219
Ki= 16724934 Ke=16724934 Ti=11219 Alpha=0.09
R=32260 Vy=1519768 W=2813225 Cm=1.

0.84 0.98 112 1.26 140

SAP2000 vi14.2.2, File: 4TABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: F356PO

Gilo polie lam aa b ¥ lasle Jas o jlogei s )51 oV e (VASY S

ayv



SAT A rj,,f s 7 J)

SAP2000 Pushover Curve 6/15/11 1:38:56

DISPLACEMENT

270.
243,
216.
189
162.

135. |

BASE REACTION

108. |

2r. |

0.

Results: b Targetﬁ%ispla,:éﬁfém A 26}1? = {2452.;%3 : 0.3%'45 3
C0=12556 C1=1. C2=11 C3=1  Sa=05307g Te=13589
Ki=2775.1856 Ke=2775.1856 Ti=1.3589 Alpha=0.0284

R=43330 \y=2252888 W=1839.7632 Cm=1.

414, 483, 552. 621, 690, x10°

SAP2000 v14.2.2, File: 8TABAGHE, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: F356PO1

aA
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SAP2000 Pushover Curve 3/30/11 1:44:13

DISPLACEMENT

300. |

270. |

240. |

210, |

150. |

BASE REACTION

120 |

80. |

30. |

0.

Results: B Target%ispla.:énf%m v, zsz = {250???’2 , 0.33?65'}
C0=13027 C1=1. €2=11 C3=1. Sa=05307g Te=1.3589
Ki=2775.1856 Ke=2775.1856 Ti=1.3580 Alpha=0.0437

R=42808 Vy=228.0846 W =1839.7632 Cm=1

430. 29, 600. 675. 7a0. ::19‘3

SAP2000 v14.2.2, File: 8TABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: F356PO1

il polie jlam aib A plaisle o jlagad 5 sl Gigy (Sonie Y0 oY S

23



SAT A rj,,f s 7 J)

SAP2000 Pushover Curve 3/30/11 1:48:54

DISPLACEMENT

420, |
ara.
336. |
294,
252,

210. |

BASE REACTION

126, |

42,

0.

0. 64, 128. 192, 256, 320
Results:  Target Displacement (V, D) = (412.275, 0.523 )
C0=12867 C1=1. C2=11 C3=1. Sa=04204¢g Te=1892

Ki=2006.1646 Ke=2006.1646 Ti=1.892 Alpha=0.03%4
R=33135 Wy=386.1103 W=30076572 Cm=1.

448, 512. 576. 840, x10°

SAP2000v14.2.2, File: 12TABAGHE, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: F356PO

Silw polas jlam aa b VY leisle ags jloges 5)57 TS ST EAN LW

\00



SAT A rj,,f s 7 J)

SAP2000 Pushover Curve 3/30/11 1:51:34

DISPLACEMENT

480. |

432 |

336, |
288. |

240. |

BASE REACTION

192. |

144, |

48, |

0.

0.00 012 0.24 0.36 0.48 0.60
Results: * Target Displacement (V, D) = (441.010 , 0.557 )
C0=13517 C1=1. C2=11 C3=1. Sa=04204g Te=1892
Ki=2006.1646 Ke=2006.1646 Ti=1.892 Alpha=0.046
R=3.1327 Vy=4083995 W=30076572 Cm=1.

072 0.84 0.96 1.08 1.20

SAP2000 v14.2.2, File: 12TABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: F356P0O

Silw polas 5lam aa b VY lazsle ago jloges g 59! Uog ECIVR A CA W)
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SAP2000

Pushover Curve 3/30/11 4:20:57

549,

488

427,

303.

244,

0.

Results

210
610, |

183,

122, |

0.

SPECTRAL OISPLACEMENT

60. 120. 180. 240. 300. 360.

Performance Point (V, D) = (174,321, 0.389 )
Performance Paint (Sa, Sd) = (0.273,0.289 )
Performance Point (Teff, Beff) = (2.092 , 0.178 )

420.

480.

540.

SPECTRAL ACCELERATION - G

600, x10°

SAP2000 v14.2.2, File: 4TABAGHESDB, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: A40PO1
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SAP2000 Pushover Curve 3/30/11 4:27:24

xio’ SPECTRAL DISPLACEMENT
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488.

427

303,
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SPECTRAL ACCELERATION - G
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122, 1+

61. |

0.
0. Q6. 192, 288, 354, 4B80. 5T6. 672, 768. 864, 960, x10°
Results

Performance Point (V, D) = (179.273 , 0.271 )
Performance Point (Sa, Sd) = (0.289 , 0.203 )
Performance Point (Teff, Beff) = (1,655, 0,212 )

SAP2000 vi4.2.2, File: 4TABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: ATC40
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SAP2000 Pushover Curve 3/30/11 12:05:15

x10™ SPECTRAL DISPLACEMENT

840, ————1——
486,
432,

are.

324

270.

216.

SPECTRAL ACCELERATION - G

1682,

0.

0. 82 104, 156. 208. 260. 32 364, 4186. 468, 520. :n:'I{II'3
Performance Point Not Found!

SAP2000v14.2.2, File: BTABAGHE, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: ATC3
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SAP2000

Pushover Curve 3/30/11 4:31:53

640, ——T— T

486.

432,

are.

324,

270.

218

162, -

108. ||

0.

Results

Performance Point (V, D) = (277 497 , 0.527T )
Performance Point (Sa, Sd) = (0.213, 0,383 )
Performance Point (Teff, Beff) = (2.707 , 0.262 )

f

0. 54. 108. 162 216.

270.

324,

x10™ SPECTRAL DISPLACEMENT

are.

432, 486.

SPECTRAL ACCELERATION - G

540, x10°

SAP2000v14.2.2, File: BTABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: Atc40P
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SAP2000 Pushover Curve 3/30/11 14:07:57

x10> SPECTRAL DISPLACEMENT

430, —1— -

387, h \ !

am.

258,

215.

172, -

SPECTRAL ACCELERATIDON - G

129, |

43. {1

0.

0. oo 108. 162. 218. 270, 324, 378, 432. 486, 540, x10°
Performance Point Not Found!

SAP2000 v14.2.2, File: 12TABAGHE, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: Atc40
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SAP2000 Pushover Curve 3/30/11 18:39:56

x10° SPECTRAL DISPLACEMENT

430, — -

387.

am.

258.

215. [+

172, |

SPECTRAL ACCELERATIDN - G

129. 1

43.

0.
0. 83. 166. 249, 332, 415, 498, 581, 664, T47. 830.x10°
Results

Performance Point (V, D) = (448,148 , 0.647 )
Performance Point (Sa, 5d) = (0.218 , 0.470)
Performance Point (Teff, Beff) = (2,940 , 0,247 )

SAP2000 v14.2.2, File: 12TABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: A40PO1
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SAP2000

Pushover Curve 3/31/11 2:43:23

440.

396.

352,

308.

0.

Results

210

264, |
220, |
176. ||

132. H

0.

SPECTRAL DISPLACEMENT

60. 120, 180. 240. 300. 360.

Performance Point (V, D) = (164.125 , 0.217 )
Performance Point (Sa, Sd) = (0.255 , 0.164 )
Performance Point (Teff, Beff) = (1,597 , 0,138 )

420.

480.

540.

SPECTRAL ACCELERATION - G

600, x10°

SAP2000 v14.2.2, File: 4TABAGHESDE, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: A40PO1
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SAP2000 Pushover Curve 3/31/11 3:06:09

x10™ SPECTRAL DISPLACEMENT

440,
3986.

352.

308,

2684,

220 |

176. |

SPECTRAL ACCELERATION - G

132,

0.
0. 96. 192, 288. 384, 480. 5TE. 672 768, B854, 960. x10°
Results

Performance Point (V, D) = (165,573, 0.176 )
Performance Point (Sa, Sd) = (0.258 , 0.133 )
Performance Point (Teff, Beff) = (1,391, 0.148 )

SAP2000 v14.2.2, File: 4TABAGHE+, Units: Tonf,m, C
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SAP2000

Pushover Curve 3/30/11 12:07:54

390

351.

32, | f

273, |

24| |
195, |
156, |
"7, H
"
3. /
0.

i} 82, 104, 156. 208. 260. 32
Results

Performance Point (V, D) = (245.818 , 0.344 )
Performance Point (Sa, Sd) = (0.172,0.273 )
Performance Paoint (Teff, Beff) = (2.521, 0,183 )

x107 SPECTRAL DISPLACEMENT

416,

468.

SPECTRAL ACCELERATION - G

520.x10°

3

SAP2000 v14.2.2, File: BTABAGHE, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: ATC3
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SAP2000

Pushover Curve 3/31/11 10:55:19

%10
380,

351,

]

0.

Results

273, |
234
185,

156. | |

3 SPECTRAL DISPLACEMENT

f

17

0. 5. 108. 162 216. 270. 324.

Performance Point (V, D) = (247.580 , 0.228 )
Performance Point (Sa, Sd) = (0.179, 0.184 )
Performance Point (Teff, Beff) = (2,013, 0.234 )

378

432 486.

SPECTRAL ACCELERATION - G

540, x10°

SAP2000 v14.2.2, File: 8TABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: Atc40P
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SAP2000

Pushover Curve 3/30/11 14:09:55

210
310.

21. |

248. |

155. [+

124, ||

93 H

0.
0.
Results

27,

1. -

SPECTRAL OISPLACEMENT

4. 108. 162. 216. 270 324,

Performance Point (V, D) = (405.322 , 0.412 )
Performance Point (Sa, Sd) = (0.171,0.328 )
Performance Point (Teff, Beff) = (2,778 , 0.156 )

378

432, 486.

SPECTRAL ACCELERATIDN - G

540, x10°

SAP2000 v14.2.2, File: 12TABAGHE, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: Atc40
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SAP2000 Pushover Curve 3/30/11 18:41:42
xi0™> SPECTRAL DISPLACEMENT
Sl r———— , —
279, }

0.

Results

248 | |

217, H

155, 1

124, {1

.

&2 It

0. 83 166. 249,

Performance Point (V, D) = (418,976 , 0.313)
Performance Point (Sa, Sd) = (0,194 , 0.247 )
Performance Point (Teff, Beff) = (2.254 , 0,164 )

415, 498,

581

664, 747

SPECTRAL ACCELERATION - G

830, x10°

SAP2000v14.2.2, File: 12TABAGHE+, Units: Tonf, m, C
Analysis Case: Ex Pattern, Parameter Set Name: A40PO1
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(1 55 S5 baojles o Shas alaii ;5 ool Cusi b5 L oot pslie Sl sl al)ly 5yt duglin 1)+ =¥ Jgur
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alllas 590 03l | 5 Shee alatis | blite gl ip | b olmlr | F5eonn S 2l
3 ailb o> 21.7 164.125 16.4 1.597 13.6
:g: il cuia 34.4 245.8 27.3 2.52 18.3
° | aidb osjlgs 41.2 405.322 32.8 2.778 15.6
3 il o> 17.6 165.573 13.3 1.391 14.8
3‘ Al cuin 22.6 247.58 18.4 2.013 23.4
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Abstract

Over the years, failures in buildings and bridges occurred due to earthquakes,
demonstrated the essential need for strengthening structures. Fibre Reinforced
Polymer (FRP) composites have received increasing attention as an appropriate
material for strengthening RC frames. This is due to their high strength, light weight
(high strength-to-weight ratio), and corrosion resistance. Confining RC structural
members with FRP results in the enhancement of axial load-carrying capacity and
ductility. In fact, the behaviour of concrete confined with FRP is improved.
Mechanical properties such as compressive strength and ultimate strain of concrete are
dramatically increased.

The objective of this study was to evaluate the opportunities provided by using
modern strengthening schemes for seismic retrofit of existing RC frames. In this
thesis, the effects of FRP rehabilitation on the seismic performance of reinforced
concrete frames were investigated. Non-linear analysis of frames strengthened with
FRP was conducted in SAP2000 and ABAQUS softwares.

Pushover analysis on three reinforced concrete frames with 4, 8 and 12 stories
(representing short, medium and high-rise buildings) was accomplished before and
after retrofitting. These analyses were performed in SAP2000 software and using the
results seismic performance and response modification factor of commonly reinforced
concrete moment frame structures were studied. In addition, for a more accurate
understanding, a single story one-bay concrete frame was modelled and analyzed in
ABAQUS software, and the effects of FRP systems, added to structural components,
on the seismic performance of the frame were studied. The results of the analysis
indicated that the use of FRP systems considerably improves the seismic performance
of concrete frames.

K eywor ds. concrete frames, seismic performance, FRP, nonlinear static analysis,

response modification factor
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